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Abstract 
In the present work we have demonstrated a possibility for real-time operation by orbital an-
gular momentum (OAM) of optical beams via Pockels effect in solid crystalline materials. 
Basing on the analysis of optical Fresnel ellipsoid perturbed by conically shaped electric 
field, we have shown that the point groups of crystals convenient for the conversion of spin 
angular momentum (SAM) to OAM should contain a three-fold symmetry axis or a six-fold 
inversion axis. The results of our experimental studies and theoretical simulations of the 
SAM-to-OAM conversion efficiency carried out for LiNbO3 crystals agree well with each 
other. 
 
PACS: 42.50.-p, 78.20.Jq, 42.50.Tx 
 
1. INTRODUCTION 
The interest of researchers in real-time operation by orbital angular momentum (OAM) of 
optical beams is caused by novel possibilities appearing in relation with quantum computing, 
cryptography, and quantum teleportation [1–3]. Following from the principles of singular 
optics [4], these possibilities appear if one uses spin angular momentums (SAMs) and OAMs 
of optical beams, which represent quantum quantities. The SAM associated with orthogonal 
circular polarizations of light can acquire only two values expressed in the units of h  as 
s = +1 and s = –1 [5], while the OAM value can, in principle, be infinite ( 0, 1, 2,...l = ± ± ) 
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[6]. Hence, the OAM has some advantages in the information processing, when compare 
with the SAM, since a single photon has only two distinct spin states and infinitely many dis-
tinct OAM states. In such a case, the information can be encoded by multiplying a number of 
distinguishable states, because a photon can carry arbitrarily large amount of information 
distributed over its spin and orbital quantum states [7]. Thus, novel possibilities for applica-
tions of these quantum properties of photons arise, e.g. utilization of qubits and qudits in the 
information processing performed in quantum computers. They are capable of considerable 
increase in the information content which can be simultaneously processed. A problem 
which should still be solved when realizing quantum photonic encoding consists in a need 
for developing efficient methods for real-time SAM-to-OAM conversion.  
It has been shown [8–11] that so-called q-plates which represent specific liquid-
crystalline plates revealing a structural defect in the geometrical center of the plate, with a 
topological charge equal to unity, facilitate efficient SAM-to-OAM conversion performed 
with the aid of temperature tuning or electrooptic operation of orientation of the director. In 
case of propagation of nearly plane circularly polarized light wave through such a plate, the 
outgoing helical mode acquires the OAM equal to ±2. Notice that liquid crystals have a 
number of disadvantages, when compared with their solid analogues. For instance, they 
manifest low response speeds due to their viscosity, are relatively unstable, cannot be used 
for operation of powerful laser radiation, and often reveal unnecessary nonlinear responses. 
Recently we have suggested a method for the SAM-to-OAM conversion that employs 
solid crystalline materials subjected to torsion stresses [12, 13]. Then the emergent light 
beam should have the OAM equal to ±1, whereas the topological defect strength associated 
with optical indicatrix orientation is equal to ±1/2, in terms commonly used for the liquid 
crystal-based singular optics. As a consequence, the OAM would be described by a set of 
even quantum numbers 0, 2, 4...l = ± ±  in case of the q-plates with the unit topological de-
fects [8, 11], and a set of discrete values 0, 1, 2,...l = ± ±  in case of the solid crystals. In other 
words, utilization of the latter should increase twice the number of states in which informa-
tion can be encoded. On the other hand, piezooptic effect associated with torsion stresses is 
rather difficult to accomplish in practice when designing relevant devices and, moreover, 
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some additional piezoelectric transducers are necessary in order to convert electrical signals 
to mechanical stresses. 
Hence, development of direct, electrically driven, operation of the OAM on the basis 
of solid crystalline materials represents an important problem. In our last work [14] it has 
been shown that the electric field with a special configuration applied to electrooptic crystals 
can lead to appearance of OAM in the outgoing light beam, provided that the incident circu-
larly polarized beam propagates along the optic axis direction. It has also been found that the 
topological charge of the outgoing helical mode is equal to unity. Furthermore, we have 
demonstrated on the canonical examples of electrooptic crystals of LiNbO3 and LiTaO3 that 
the efficiency of the SAM-to-OAM conversion can be gradually operated by the electric 
field, using a Pockels effect. Then the following question arises: which of the point symme-
try groups describing solid crystals are appropriate for the SAM-to-OAM conversion via 
Pockels effect? This represents the main goal of the present work. Besides, an experimental 
verification of the electrooptic control of the SAM-to OAM conversion will also be reported. 
 
2. BASIC RELATIONS AND RESULTS OF SIMULATION 
As already mentioned, we have earlier demonstrated that a spatial distribution of optical bire-
fringence induced by the torsion stresses reveals a singular point of zero birefringence, which 
belongs to the torsion axis [15–19]. In general, the coordinate distribution of the torsion-
induced birefringence has a conical shape. Due to this distribution, the outgoing wave ac-
quires a helical phase and an OAM. It has been shown in [14] that, while searching elec-
trooptic analogues of the torsion-induced spatial birefringence distributions, one should pro-
ceed from the following requirements: a crystal has to be non-centrosymmetric and an elec-
tric field should be spatially distributed in a specific manner, with a singular value at the line 
parallel to the beam axis Z, which crosses the geometrical center of its XY cross section (here 
and below the axes of the coordinate system XYZ are parallel to the eigenvectors of the Fres-
nel ellipsoid). The conditions mentioned are satisfied when a ‘conical’ spatial distribution of 
the electric field (see Fig. 1) is created in crystals [14]. Such a distribution can be produced 
by two circular electrodes attached to the front and back XY faces of a sample. When the 
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electrodes essentially differ by their radiuses (e.g., the radius of one of them tends to zero), 
the projections E1 = Ex and E2 = Ey of the electric field would appear. Then the electric field 
components are given by the relations 
 
FIG. 1. Schematic presentation of a crystalline plate with circular electrodes e1 and e2, and a 
conical spatial distribution of electric field produced by these electrodes. 
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where U  denotes the applied electric voltage, d  the thickness of a crystalline plate, and 
0 /E U d= . One can see that the E1 and E2 components are equal to zero when 0Q =  (a case 
of homogeneous field, with the field lines parallel to the Z axis) and increase with increasing 
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Q  and decreasing d. Notice that the electric field appearing behind the cone limited by the 
filed lines presented in Fig. 1 is neglected. 
The electrooptic Pockels effect is described by the relation i ij jB r ED = , with ijr  being 
the electrooptic tensor components and iBD  the increments of the optical impermeability 
tensor. The electrooptic tensor has the following form: 
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where the tensor components displayed by grey color are of no practical importance in the 
present analysis. Since the optical beam propagates along the Z axis, we may consider only 
the XY cross section of the Fresnel ellipsoid in what follows. The equation of the XY cross 
section of the optical indicatrix perturbed by the mentioned field configuration reads as 
2 2
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B r E r E r E X B r E r E r E Y
r E r E r E XY
+ + + + + + +
+ + + =
,   (7) 
where the components should E1 and E2 play a major part. Basing on the above analysis, one 
has to select the point symmetry groups for which the coefficients 11r , 12r , 21r , 22r , 61r  and 
62r  do not equal to zero. Moreover, the crystals which belong to these symmetry groups 
should be optically isotropic or uniaxial in order to fulfill the condition for existence of the 
singular birefringence point, i.e. a zero birefringence value in the center of the XY cross sec-
tion. The trigonal and hexagonal groups 3m, 32, 3, 6 , and 6m2  belong to such systems. 
The common feature of these groups is a three-fold axis (the groups containing the 
three-fold axis are subgroups of those with the inversion six-fold axis). The non-centro-
symmetric cubic groups 23 and 43m  also contain a three-fold axis along [111] directions, 
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although their coefficients 11r , 12r , 21r , 22r , 61r  and 62r  written in the eigen (crystallographic) 
coordinate system are equal to zero. Nonetheless, if we rewrite the tensor in a coordinate sys-
tem where the Z ¢  axis becomes parallel, e.g., to [111] direction, these coefficients should not 
remain zero (notice that the analogical procedure has been used when analyzing the OAM 
induced via piezooptic effect under crystal torsion [13]). Thus, we start our analysis with the 
cubic crystals for the case when a nearly plane optical wave propagates along the Z ¢  axis 
belonging to (110) plane (see Fig. 2), in particular along the three-fold symmetry axis (i.e., 
the direction [111] of the principal coordinate system). 
 
FIG. 2. Schematic representation of rotation of our working coordinate system with respect 
to the crystallographic one, which is used in order to describe the electric field-induced bire-
fringence appearing for the propagation directions defined by angle a . 
 
A. Cubic crystals of the symmetry groups 23 and 43m  
The electrooptic tensor written in the principal coordinate system for the crystals belonging 
to the point symmetry groups 23 and 43m  is given by a single independent electrooptic co-
efficient 41r  ( 41 52 63r r r= = ). However, if one rewrites the tensor in the coordinate system of 
which the Z ¢  axis is parallel to the direction that belongs to the (110) plane (see Fig. 2, 
where the angle between the Z ¢  and Z  axes is equal to a ), the coefficients under interest 
are given by 
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Besides, as seen from Eq. (7), the coefficients 13r , 23r  and 63r  can also induce the birefrin-
gence whenever 13 23r r¹  and 63 0r ¹ . The relations for these tensor components rewritten in 
the primed coordinate system have the following form: 
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It is easily seen that 13r¢  is equal to 23r¢ , irrespective of the a  values. However, we have 
63 0r =  only when 90dega =  (the [110] direction) or 54.74 deg (the [111] direction). The 
dependences of the appropriate electrooptic tensor coefficients on the angle a  are displayed 
in Fig. 3. 
 
FIG. 3. Dependences of relative electrooptic tensor coefficients 41/ijr r¢  on the angle a : 
11 41/r r¢  (semi-open circles), 12 41/r r¢  (full circles), 13 41/r r¢  (crosses), and 63 41/r r¢  (full triangles). 
 
The relations for the birefringence and the angle of optical indicatrix rotation may be 
expressed as 
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In general, as seen from Fig. 3, a number of special values of the a  angle should be consid-
ered separately, namely: 0 dega =  ( 11 22 12 21 13 23 0r r r r r r¢ ¢ ¢ ¢ ¢ ¢= = = = = = , 63 41r r¢ = ), 90dega =  
( 63 13 23 0r r r¢ ¢ ¢= = = , 12 21 410.35r r r¢ ¢= = , 11 22 411.06r r r¢ ¢= = - ), and 54.74dega =  
( 12 21 13 23 11 22 410.57r r r r r r r¢ ¢ ¢ ¢ ¢ ¢= = - = - = - = - = , 63 0r¢ = ). 
The spatial distributions of the effective birefringence (i.e., the birefringence appear-
ing in an inhomogeneous sample for certain directions of light propagation) and the angle of 
optical indicatrix rotation simulated for Bi12TiO20 crystals taken as an example of cubic elec-
trooptic crystals are presented in Fig. 4 and Fig. 5, respectively. Here the point symmetry 
group is 23, n = 2.56, and 1241 5.7 10 m/Vr
-= ´  at 632.8nml =  [20]. The rest of the parame-
ters are taken to be R = 0.01 m (the larger electrode radius), d = 0.005 m (the sample thick-
ness), and U = 5000 V. Continuous changes in the effective birefringence and the angle of 
optical indicatrix rotation occurring with changing a  angle are illustrated using multimedia. 
Notice that the spatial distributions of the effective birefringence presented in Fig. 4 have 
been obtained using integration of the phase difference along the direction of light propaga-
tion basing on the function given by formula (10). In other words, the mean value of the 
phase difference function over the optical path has been derived on the basis of the evident 
relationship 
2 d
X Y
d
R
n dZ
r
p
l ¢ ¢¢
DG = - Dò . As shown in [14, 19], the mean value of the phase dif-
ference function is equal to the effective phase difference calculated using a straightforward 
Jones matrix approach. 
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(a)    (b)    (c) 
FIG. 4. Spatial distributions of the effective birefringence induced by conically shaped elec-
tric field in the X Y¢ ¢  plane of Bi12TiO20 crystals (a – 0 dega = , b – 54.74dega = , c – 
90dega = ) (see also multimedia file 1). 
 
(a)    (b)    (c) 
FIG. 5. Spatial distribution of the angle of optical indicatrix rotation induced by conically 
shaped electric field in the X Y¢ ¢  plane of Bi12TiO20 crystals (a – 0 dega = , b – 
54.74dega = , c – 90dega = ) (see also multimedia file 2). 
 
As seen from Fig. 4(a), at 0 dega =  the module of the effective birefringence has a 
maximum in the center of the X Y¢ ¢  cross section and follows to zero with increasing distance 
r ¢  (here the polar coordinate system is introduced, with cosX r j¢ ¢=  and sinY r j¢ ¢= ). 
The angle of optical indicatrix rotation is equal to 45deg  throughout all the X Y¢ ¢  cross sec-
tion (see Fig. 5(a)). In fact, following from Eqs. (8)–(11) we have 
2 2
3 3
0 41 0 412 2 2X Y
Z Z
n n E r n E r
Zr r¢ ¢
¢ ¢
D = - = -
¢ ¢+
 and 45Zz ¢ = ° ,   (12) 
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so that, at 0r¢ = , the module of the induced birefringence reveals a maximum 
( 3 0 41
ef
X Yn n E r¢ ¢D = - ). Hence, the spatial distribution of the effective birefringence has a singu-
lar point in the center of the X Y¢ ¢  cross section. However, this singular point cannot lead to 
appearance of screw dislocation of the phase front of the emergent beam (as well as appear-
ance of an optical vortex and an OAM) because of lack of any dependence of Zz ¢  (and so of 
the phase of light wave) on the tracing angle j . Moreover, the intensity of light emergent 
from the system consisting of a sample placed between circular polarizers is not equal to 
zero at 0r¢ = , being dependent on the electrically induced phase difference.  
With increasing a  angle (see Fig. 4, Fig. 5, and the multimedia files 1 and 2), the 
maximum of the effective birefringence is gradually replaced by its minimum ( 0efX Yn ¢ ¢D = ). 
Notice that the coordinates of the minimal effective birefringence correspond to those for 
which the angle of optical indicatrix rotation has indefinite value. At 54.74dega =  (see 
Fig. 4(b) and Fig. 5(b)), the point that corresponds to zeroes of the effective birefringence 
and indefinite indicatrix rotation angle occupies the center of the X Y¢ ¢  cross section. Follow-
ing from Eqs. (8)–(11), one can write for this case 
3
41 0 2
2
3X Y
n n r E Z
r
r¢ ¢
¢ ¢D = - ,     (13) 
( ) cos sin 3
tan 2 tan
( ) cos sin 4Z
X Y
X Y
j j p
z j
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¢ ¢+ + æ ö= - = - = -ç ÷¢ ¢- - è ø
, or 
3
8 2Z
p j
z ¢ = - .  (14) 
Thus, the optical indicatrix rotation angle changes twice as slower than the tracing angle j , 
beginning from the initial value 0 3 /8j p=  that corresponds to appearance of a pure screw 
dislocation of the phase front of the emergent light and the OAM equal to unity (see our re-
cent works [12, 13]). 
When considering the central point of the X Y¢ ¢  cross section as a defect on spatial 
map of the optical indicatrix orientation and using definitions usual for the liquid-crystal 
terminology, one can see that the topological strength of this defect is equal to q = ±1/2 and 
the angle Zz ¢  amounts to half the angle j . It is obvious that the sign of the optical indicatrix 
rotation would reverse whenever the sign of the applied electric field does so. This corre-
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sponds to a sign reversal of the induced effective birefringence and the optical indicatrix ro-
tation by 90 deg. Contrary to the torsion-induced birefringence [12, 13], the birefringence 
caused by the electric field reveals nonlinear dependences on the both coordinates X ¢  and 
Y ¢ , which in general are defined by the ratio 2/Zr r¢ ¢ . 
The induced effective birefringence reveals a circular distribution in the X Y¢ ¢  plane 
(see Fig. 4(b)), being equal to zero at the geometrical center of the X Y¢ ¢  cross section. A 
typical spatial distribution of the effective birefringence along the X ¢  axis is shown in 
Fig. 6. It is evident from Fig. 6 that the module of the effective birefringence increases with 
increasing X ¢  coordinate, tending from a zero value at X ¢  = 0 to its maximum at 
maxX ¢ = ±4.0 mm. Note that the maxX ¢  value is independent of either the electrooptic coeffi-
cient or the electric voltage applied. Further increase in X ¢  produces decrease in the induced 
value efX Yn ¢ ¢D . The coordinate dependence of the effective birefringence mentioned above is 
caused by the two mechanisms: (i) increase in efX Yn ¢ ¢D  occurring with increasing X ¢ , due to 
increasing E1 and E2 projections, and (ii) decrease in efX Yn ¢ ¢D  occurring with increasing X , 
due to decreasing effective optical path (i.e., the optical path in that part of crystal which is 
subjected to the electric field). 
 
FIG. 6. Dependence of the effective birefringence of Bi12TiO20 crystals induced by the elec-
tric voltage 5 kV on the X ¢  coordinate. 
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It has been shown in [14] that the appropriate analytical relationship describing the 
effective birefringence distribution correspond to the relation for the mean value of the func-
tion 
3 2 2 2
41 0
2 2 2
( )
ln
( )6 ( )
ef
X Y
n r E R d R
n
R dd R
r r
rr
¢ ¢
¢ ¢ +
D = -
¢+¢-
.    (15) 
As a consequence, the minimization procedure yields the following radius that corresponds 
to the extreme efX Yn ¢ ¢D  value:  
2 2 2 2
2 2 2 2
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2 2 2
2
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where 
2 2
2 2
2R e
W
R d
-æ ö
-ç ÷+è ø
 implies the LambertW function. This is why the mentioned radius de-
pends only on the geometrical parameters of the sample and the electrodes. 
With further increase in the angle a  (see Fig. 4 and Fig. 5), the ring of the maximum 
effective birefringence values with the unchangeable height is gradually transformed into the 
ring with changeable height, the latter being dependent on the tracing angle j  (see Fig. 7). 
At 90dega = , the relations for the birefringence and the optical indicatrix rotation angle are 
given by the formulas 
3
41 0 2
1
5 6sin cos
2 2X Y
Z
n n r E
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j j
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(a)   (b)  
 
(c) 
FIG. 7. Spatial distributions of the effective birefringence induced in Bi12TiO20 crystals by 
the electric voltage 5 kV at 0 dega =  (a) 54.74dega =  (b), and 90dega =  (c). 
 
Eq. (17) is similar to Eq. (13), with the only difference that the extra factor 
2 25 6sin cos 5 6 5X X Y Yj j ¢ ¢ ¢ ¢- = - +  appearing in Eq. (17) represents the relation for the 
oval. Hence, the total effective birefringence distribution is given by multiplication of the 
function of the oval and the function 20 /X Yn E Zr r¢ ¢ ¢ ¢D : , which describes a crater-like spa-
tial birefringence distribution (see Fig. 4(b) and Fig. 6). Let us remind that such spatial bire-
fringence distribution produce a mixed screw-edge dislocation of the phase front of the out-
going optical wave (see [13, 18, 21]). This is a reason why the dependence of the optical in-
dicatrix rotation angle on the tracing angle (see Eq. (18) and Fig. 5(c)) is nonmonotonic. In 
other words, in the case of 90dega =  we will deal with the mixed screw-edge dislocation of 
the phase front of light emerging from the system consisting of a sample placed between the 
crossed circular polarizers. Finally, the changes in the angle a  from the zero value to 90 deg 
should lead to appearance of the screw dislocation of the phase front, which occupies the 
center of the X Y¢ ¢  cross section at 54.74dega = . Further increase in a  results in a mixed 
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center of the X Y¢ ¢  cross section at 54.74dega = . Further increase in a  results in a mixed 
screw-edge dislocation. The pure screw dislocation of the phase front, and so the optical vor-
tex and the OAM, can be observed when the circularly polarized light propagates along the 
[111] direction in the cubic crystals of the point symmetry groups 23 and 43m , and the 
conically shaped electric field is applied. 
 
B. Trigonal and hexagonal crystals of the point symmetry groups 3m, 32, 3, 6 , and 6m2  
Now we write out the relations for the birefringence and the rotation angle of optical indica-
trix induced in the crystals belonging to the point symmetry groups 3m ( m X^ ), 32 ( 2 YP ), 
and 6m2  ( m X^ ) in case when the conically shaped electric field is applied along the optic 
axis and the light propagates along the same direction: 
2 2
3 3
22 0 22 02 2 2 2XY o o
Z X Y
n n r E n r E Z
X Y Z
r
r
¢+
D = - = -
+ +
,    (19) 
tan 2 cotZ
X
Y
z j= = , or 
4 2Z
p j
z = - ,    (20) 
where on  means the ordinary refractive index. These relations are almost the same as 
Eqs. (13) and (14) that describe the birefringence and the optical indicatrix rotation in the 
cubic crystals, provided that the electric field is applied along the [111] direction and the 
light propagates in the same direction (see Fig. 4(b) and Fig. 5(b)). Hence, now we will deal 
with a canonical vortex of which OAM is equal to unity. On the other hand, for the crystals 
belonging to the point symmetry groups 3 and 6  the corresponding relations have somewhat 
different form: 
2 2
3 2 2 3 2 2
11 22 0 11 22 02 2 2 2XY o o
Z X Y
n n r r E n r r E Z
X Y Z
r
r
¢+
D = - + = - +
+ +
,   (21) 
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where 220
11
1
arctan
2
r
r
j = . The latter case differs from the former only by the initial indicatrix 
rotation angle 0j , which is now defined by the ratio of electrooptic tensor components. 
 
3. SAM-to-OAM CONVERSION IN LITHIUM NIOBATE CRYSTALS 
Lithium niobate crystals LiNbO3 are canonical electrooptic materials that belong to the 
symmetry group 3m. Let us analyze the appearance of the OAM in the emergent light beam 
that has passed through an optical system consisting of a right-handed circular polarizer, a 
crystalline sample subjected to the electric field of conical configuration, and a left-handed 
circular polarizer. Notice that the incident beam can be represented by a nearly plane wave 
and the SAM equal to incS = -h . The electric field of the emergent light may be written as 
02 2
1 1( ) ( )
( , ) cos sin
2 2
i q iout
A AE E iE ei i
j ar rr j ± ±
¢ ¢é ù é ùDG DG¢ = +ê ú ê ú±ë û ë ûm
,  (23) 
where 2 1q m= =  is the helicity number and AE  the wave amplitude. The first term in 
Eq. (23) describes the plane wave with the same SAM as in the incident one (i.e., -h ), while 
the second one corresponds to the wave with the helical wave front that carries some OAM 
(see [11]). Since the angular momentum must be conserved, one can write the following rela-
tion for the SAM-to-OAM conversion: 
inc outJ J M= + ,     (24) 
where inc incJ S= = -h  is the total angular momentum of the incident photon, 
2 0out out outJ L S q= + = - + =h h  the total angular momentum of the emergent photon 
( outS = +h , 2outL q= - h ), and outL  the OAM of the latter. The mechanical angular momen-
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tum transferred to the crystalline sample due to the Beth effect [5] is therefore equal to 
M = -h . However, the latter relation which reflects the fact of conservation of the angular 
momentum has been written under the condition pDG = , though the phase difference can 
depend on the module r¢ . In this case one should take into account that the plane wave de-
scribed by the first term of Eq. (23), with the SAM equal to -h , also emerges from the sam-
ple. Then the efficiency of the SAM-to-OAM conversion is defined by the ratio 
out
l
inc
r
I
I
h = ,     (25) 
where incrI  is the intensity of the right-handed incident wave and 
out
lI  that of the left-handed 
outgoing wave. 
The XY intensity distribution for the outgoing beam can be calculated using the Jones 
matrices (see Ref. [12] for more details). The appropriate spatial intensity distributions calcu-
lated for different electric voltages are presented in Fig. 8, while the dependences of the effi-
ciency h  on the voltage are given in Fig. 9 (here the values 1222 3.4 10 m/Vr
-= ´  and 
2.286on =  [22] are taken). As seen from Fig. 8 (a to c), the outgoing light beam corresponds 
to a pure doughnut mode that bears the OAM. The efficiency of the SAM-to-OAM conver-
sion calculated theoretically reaches ~ 30% at ~ 19 kV for LiNbO3 crystals, if the beam ra-
dius equals to r¢  = R. This efficiency can be further increased by decreasing the light beam 
radius. 
   
(a)   (b)   (c) 
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(d) 
FIG. 8. Spatial intensity distributions for the beam of 8.5 mm radius emergent from the sys-
tem consisting of orthogonal circular polarizers and a sample of LiNbO3 in between: a – 5.0, 
b – 10.0, and c – 20.0 kV (simulation results), d – 10.0 kV (experimental result). 
 
 
FIG. 9. Dependences of efficiency of the SAM-to-OAM conversion on the electric voltage 
applied to LiNbO3 crystals: curve corresponds to calculations and points to experimental re-
sults. 
 
Lithium niobate crystal sample used in our experiment was prepared as a parallelepiped, 
with its faces perpendicular to the Z axis. The sample had a thickness of 8.5 mm along the Z 
axis. The electric field was applied as shown in Fig. 1. The electrode with the smaller radius 
was fabricated using a metallic wire with the diameter of 0.2 mm, while the electrode of the 
larger radius (R = 8.0 mm) was made as a thin glass plate coated by a transparent conducting 
SnO layer. The light of a He-Ne laser (the wavelength of 632.8nml = ) propagated along 
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the same Z axis which represents the optic axis of our crystal. An experimental setup for the 
birefringence measurements is shown in Fig. 10. We made the probing beam circularly po-
larized, since it is not sensitive to the orientation of optical indicatrix. The angle between the 
principal axes of a quarter-wave plate and the transmission direction of polarizer 8 was equal 
to 45 deg. In this case the sample can be modeled a linear phase retarder, for which the de-
pendence of the output intensity I  on the analyzer azimuth b  is expressed as 
( ) ( )0 1 2 31 sin sin 2 sin 22 Z
I
I C C Cb z b= + DG - = + -é ùë û ,   (26) 
where Zz  is the orientation angle of the optical indicatrix and 2 /XYn dp lDG = D  the optical 
phase difference. After recording and filtering an output image, azimuthal dependences of 
the intensity I  were fitted by the sine function for every pixel of the image, with the fitting 
coefficients 
0 0
1 2 3, sin ,2 2 Z
I I
C C C z= = DG = .    (27) 
It is seen that the optical phase difference DG  is determined by the coefficients 1C  
and 2C : 
2 1sin /C CDG = ,     (28) 
while the angular orientation of the intensity minimum is determined by the orientation of 
principal axis Zz  of the optical indicatrix and the coefficient 3C . Hence, fitting of depend-
ences of the light intensity behind the analyzer upon the azimuth for each pixel of the sample 
image enables constructing 2D maps of optical anisotropy parameters of the sample under 
study (the optical phase difference and the optical indicatrix orientation). 
While studying the optical indicatrix rotation, we exploited an imaging polarimetric 
setup (Fig. 10), in which linearly polarized incident light was used. An analyzer 10 was 
placed into the extinction position with respect to a polarizer. The crossed polarizers were 
simultaneously rotated by 180 deg with the steps of 5 deg. The rotation stage angles corre-
sponding to minimums of the transmitted light intensity detected by a CCD camera were as-
cribed to the extinction positions (i.e., to the orientation angles of optical indicatrices in dif-
ferent parts of the image). 
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FIG. 10. Scheme of our imaging polarimeter (I – light source section; II – polarization gen-
erator; III – sample section; IV – polarization analyzer; and V – controlling unit): 1 – He-Ne 
laser; 2 – ray shutter; 3, 8 – polarizers; 4, 9 – quarter-wave plates; 5 – coherence scrambler; 6 
– beam expander; 7 – spatial filter; 10 – analyzer; 11 – objective lens; 12 – CCD camera; 13 
– TV monitor; 14 – frame grabber; 15 – PC; 16 – shutter’s controller; 17 – step motors’ con-
trollers; 18 – step motors; 19 – reference position controller.  
 
 Finally, when checking appearance of the optical vortices, we used a wide circularly 
polarized incident beam propagating along the Z axis of LiNbO3 subjected to conically 
shaped electric field. A circular polarizer was used behind a crystalline sample, with its cir-
cularity sign opposite to that of the input polarizer. Then an additional quarter-wave plate 
was placed between a sample section III and an analyzer 10. 
 
 
(a)   (b) 
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(c) 
FIG. 11. Experimental distributions of the phase difference induced by electric voltage 
U = 9 kV in LiNbO3 crystals in the XY plane (a) and along the X axis (at Y = 0) (b), and ex-
perimental distributions of the optical indicatrix rotation angle in the XY plane. 
 
As seen from Fig 8 (d), the shape of the doughnut mode obtained experimentally 
agrees well with that estimated theoretically (Fig. 8 (b)). The central dark spot where the op-
tical vortex is located (Fig. 8(b, d)) corresponds to the coordinates of zeroes of the phase dif-
ference (Fig. 11(a, b)) and to the singular point of the optical indicatrix rotation angle 
(Fig. 11(c)). Here the map of the optical indicatrix orientation in the XY plane is character-
ized by the topological defect with the strength equal to ½ (the optical indicatrix rotation an-
gle is twice as smaller when compared with the tracing angle), so that the vortex transferred 
by the outgoing beam should be characterized by the OAM equal to unity. The points in 
Fig. 9 correspond to the data obtained experimentally, whereas the curve gives the efficiency 
of the SAM-to-OAM conversion calculated theoretically following from the Jones matrix 
approach and the known values of electrooptic coefficients for the LiNbO3 crystals. 
The efficiency of the SAM-to-OAM conversion increases with increasing electric 
voltage, making it possible to operate the conversion efficiency using the Pockels effect in 
solid crystalline materials. Somewhat high experimental noise seen in Fig. 9 is mainly 
caused by the initial optical inhomogeneity of our LiNbO3 crystals. Nonetheless, one can 
notice that the experimental results obtained by us are in fairly good agreement with the 
theoretical consideration presented above. The efficiency of the SAM-to-OAM conversion 
reached in our experiment is about 10% at 10 kV. 
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4. CONCLUSIONS 
In the present work we have demonstrated a possibility for real-time operation by the OAM 
of optical beams based on the Pockels effect in solid crystalline materials. Using the analysis 
of optical indicatrix perturbed by conically shaped electric field we have proven that the 
point symmetry groups of crystals convenient for the SAM-to-OAM conversion should con-
tain the three-fold symmetry axis or the six-fold inversion axis. It has also been shown that, 
in the cubic crystals of the symmetry groups 32 and 43m , a canonical vortex (i.e., a screw 
dislocation of the phase front) should appear whenever the light propagates along the [111] 
direction, the conical electric field is applied along the same direction, and the sample is 
placed between the crossed circular polarizers. The simultaneous changes in the directions of 
light propagation and electric field result in displacement of the optical field singularity out 
of the beam and/or to replacement of the pure screw dislocation by the mixed screw-edge 
dislocation of the phase front. 
For the crystals belonging to the trigonal and hexagonal systems, the application of 
conically shaped electric field along the optic axis leads to appearance of the pure screw dis-
location of the phase front, with the unit topological charge. The results of the experimental 
studies and the theoretical simulations of the SAM-to-OAM conversion efficiency carried 
out for the case of LiNbO3 crystals are shown to be in good agreement. The fact of appear-
ance of the pure doughnut mode under the action of electric field in LiNbO3 is experimen-
tally detected. Moreover, we have checked experimentally that the efficiency of the SAM-to-
OAM conversion can reach about 10% at the electric voltage of 10 kV. The results presented 
in this work open a possibility for direct operation by the OAM of optical beams using elec-
tric fields via the Pockels effect in the solid crystalline materials. 
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